The pyranoquinone antibiotics are a diverse family produced by various species of Streptomyces. Some members of this family exhibit antifungal activity, anticancer activity, or anticoccidial activity.l Their useful activity has made these compounds attractive synthetic objectives. Recently, total syntheses of nanaomycin D (11, nanaomycin A (2a), kalafungin, frenolicin, deoxyfrenolicin (2b), and the enantiomer of griseusin (3) have been achieved.2 Our synthesis of 1 and kalafungin was based on the addition of an alkoxyfuran to an activated naphth~quinone.~ While this strategy provided a valuable entry to the lactone-containing pyranoquinones, it could not be extended to the synthesis of 2 and 3.4 Interestingly, however, the ladone-containing pyranoquinones have been prepared from the corresponding acids (e.g., 1 has been synthesized from 2a). This transformation occurs under quite mild conditions and may be related to the biogenetic p a t h~a y .~ In a related study, we had observed that Diels-Alder adduct 5 was extremely unstable to base and ~ (1) Iwai, Y.; Kora, A.; Takahashi, Y.; Hayashi, T.; Awaya, J.; Masuma, R.; Oiwa, R.; Omura, S. J. Antibiot. 1978 that it underwent a facile retro-aldol reaction.6 In light of the above information, we reasoned that a hemiketal intermediate such as 4 might enable us to synthesize the entire class of compounds, provided that the hemiketal could be selectively reduced. The hemiketal, in turn, might be directly prepared by a Diels-Alder reaction followed by a retro-Claisen reaction. This plan has now been reduced to practice; the successful synthetic route is illustrated in Scheme I.
The cyanophthalide 6 was prepared by a modification of the Li procedure.' Deprotonation of 6, followed by Michael addition with methyl vinyl ketone (MVK) and an intramolecular Claisen reaction, afforded a hydroquinone which could be oxidized with ceric ammonium nitrate (CAN) to quinone 7a.8 The yield of quinone from 6 was 66%. The best conditions for this annulation involved the addition of solid potassium tert-butoxide in portions to a cold solution of 6 and MVK in dry Me2S0. These conditions represent a considerable improvement over our previously reported procedure that afforded 7a in only 25% yield? As expected, the Diels-Alder reaction of 7a with the ketene acetal derived from ethyl crotonate1° proceeded cleanly and rapidly at ambient temperature. The NMR of the unpurified product showed only three singlets for the t-BuMe2Si0 group. The retro-Claisen reaction was also quite facile with 2 equiv of tetrabutylammonium fluoride in THF at 0 OC. The cis crotonate subunit that was liberated by the retro-Claisen reaction rapidly reacted with the neighboring phenol to produce 9a. This cyclization had previously been observed by both Yoshii and Uno. They avoided this cyclization by protecting the phenol. For our considerations, however, this cyclization was a desirable reaction. Oxidation of 9a with CAN in aqueous acetonitrile at ambient temperature produced the key hemiketal 10a in 71% yield from 7a. Both the proton and the carbon NMR spectra of 10a indicated that only one hemiketal was present. The structure of 10b (R = Pr) was determined by X-ray crystal1ography.l' It supports this structure which was initially 1274 J. Org. Chem., Vol. 52, No. 7, 1987 Kraus et al. 
Experimental Section
Unless otherwise noted, materials were obtained from commercial suppliers and were used without purification. Dichloromethane was distilled from phosphorus pentoxide. Infrared spectra were determined on a Beckman IR-4250 spectrometer. Nuclear magnetic resonance spectra were determined on a Nicolet 300-MHz instrument. Carbon-13 NMR spectra were determined on a JEOL FX-9OQ Fourier transform instrument. High resolution mass spectra were determined on a Kratos mass spectrometer. Elemental-analyses were performed by Galbraith Laboratories, Inc., Knoxville, TN.
General Procedure for the Formation of Cyclic Ethers. To a solution of the lactone (1 equiv) in dry tetrahydrofuran (5 mL/mmol) at -78 "C was added dropwise methyllithium (1.1 equiv) or phenylmagnesium chloride (1.1 equiv). The solution was stirred at -78 O C for 2 h and then quenched at -78 O C (methyllithium cases) or stirred at -78 "C for 1 h and then allowed to warm to 0 "C before the quench (PhMgC1 cases). Acetic acid (1.1 equiv) was then added and the reaction was poured into ice-water. The aqueous layer was extracted three times with chloroform. The combined organic extracts were dried over sodium sulfate, filtered, and concentrated. The crude hemiketal was taken directly on to the reduction without purification. The crude lactol (1 equiv) was dissolved in methylene chloride (25 mL/equiv) and cooled to -78 "C. Trifluoroacetic acid (3 equiv) was added dropwise and the solution was stirred for 15 min. Triethylsilane (3 equiv) was added and the reaction was stirred at -78 "C for 30 min and then allowed to warm to ambient temperature over 2 h. The solution was then poured into icewater. The aqueous layer was extracted three times with chloroform. The combined organic extracts were dried and concentrated. The crude product was purified by chromatography on silica gel using either hexanes/ethyl acetate or hexanes/methylene chloride. (540 mg, 2.32 mmol) in 25 mL of acetonitrile at ambient temperature was added ceric ammonium nitrate (2.92 g, 5.34 mmol) in 4 mL of water. After being stirred for 20 min at ambient temperature, the reaction mixture was diluted with 20 mL of methylene chloride and poured into 100 mL of water containing 10 mL of a 1 M pH 7.2 phosphate buffer. The layers were separated and the aqueous phase was extracted with 30 mL of methylene chloride. The organic extracts were combihed, washed with water, dried over magnesium sulfate, and concentrated in vacuo. The quinone was diluted with 19 mL of methylene chloride and transfered to a dry two-necked flask under positive argon pressure. To this solution was added 1-ethoxy-1-[ (tert-butyldimethylsily1)oxyjbutadiene (1.12 g, 4.9 m o l ) in 1 mL of methylene chloride at -78 "C. The reaction mixture was stirred for 15 min at -78 OC, warmed slowly to ambient temperature, and then recooled to 0 "C. The resulting pale yellow solution was treated sequentially with 10 mL of acetonitrile, 5 mL of a pH 7.5 phosphate buffer, and tetrabutylammonium fluoride (4.8 mL of a 1.0 M solution of THF). The resulting dark brown solution was warmed to ambient temperature, acidified with 2 N HCl, and poured into 100 mL of brine. The aqueous phase was extracted with three 40-mL portions of diethyl ether, and the organic extracts were combined, washed with brine, and dried over magnesium sulfate. The solvents were removed in vacuo and the 'H NMR (CDC13) 6 1.37 (d, J = 6 Hz, 3 H), 1.56 (d, J = 6 Hz, residue flash chromatographed on silica gel eluting with 2.7:l hexanes/ethyl acetate to afford 613 mg (77%) of 9a, yellow needles from ethyl acetate/hexanes: mp 103-104.5 "C; 3OcLMHz 'H NMR (CDCl,) 3005, 1730, 1610, 1390, 1310, 1220, 1150 ,1080 ax-'; 13C NMR 14. 37, 32.50,38.38,41.09,56.22,60.64,78.87,105.40,114.75,115.08,116.26, 118.56, 124.94, 128.62, 146.79, 154.03, 157.72, 170.40, 201 .11 ppm; MS, m l e 344,270,257,241; HRMS, m l e calcd 344.12599, found 344.1259.
2-Phenyl
trans -Ethyl [ 1-Hydroxy-9-methoxy-1-methyl-5,lO-dioxo-3,4,5,10-tetrahydronaphtho[2,3-c]pyran-3-yl]acetate (loa). To a solution of 9 (613 mg, 1.78 mmol) in 40 mL of acetonitrile at ambient temperature was added ceric ammonium nitrate (2.36 g, 4.30 mmol) in 8.5 mL of water. The reaction mixture was stirred 30 min at ambient temperature and poured into 50 mL of water containing 5 mL of a pH 7.5 phosphate buffer, and the layers were separated. The aqueous phase was extracted twice with 30-mL portions of methylene chloride, and the organic extracts were combined, washed with water, and dried over magnesium sulfate. The solvents were removed in vacuo and the residue was crystalliied from methylene chloride/hexanes to afford 553 mg (91%) of 10a as yellow needles: mp 153-154 "C; 300-MHz 'H NMR
